We investigate the relative contribution of ladder and ring diagrams to the single-particle self-energy in fully-spin-polarized liquid He ( He~). Ladder diagrams are summed to all orders of the bare He-He interaction using the Galitskii-Feynman-Hartree-Fock (GFHF) analysis. Previous studies of He, using GFHF analysis, have neglected the part of the GFHF self-energy coming from the correlation potential, V, . These calculations produced ground-state energies in fair agreement with values obtained from variational Monte Carlo (VMC) calculations. However, properties such as Landau parameters, which are directly related to long-range correlations, tend to differ considerably from known values. In the present work we have evaluated V"and found it to have an appreciable effect on the single-particle excitation energies, c(k) and the ground-state energy: Including V"significantly reduces the ground-state energy. As a further refinement over previous GFHF calculations, we have used a more accurate center-of-mass momentum, P, dependence for the Galitskii-Feynman t matrix in the self-energy calculation. Again we find an undesirably large decrease in the ground-state energy. Finally, upon including a contribution from a summation of ring diagrams, we find a ground-state energy that is once again in fair agreement with the VMC values. The ring diagrams are driven by a local particle-hole interaction obtained by the method of correlated basis functions (CBF}. Ring diagrams are then summed within a random-phase approximation.
I. INTRODUCTION
The important role that many-body correlations have in determining the properties of quantum Auids, such as liquid He, has long been recognized. A standard means for obtaining a proper theoretical description of He, that deals directly with these correlations, begins by evaluating the single-particle self-energy, X(k, to) . From X(k, co) the single-particle excitation energies, spectral functions, momentum distribution, effective mass, and binding energy can be derived. ' For a highly correlated quantum system, such as He, the calculation of X(k, co) requires an appropriately defined "effective" interaction. 
where V(k) is the Fourier transform of V(r). In the present work V(r) is the potential of Aziz et al. ' (Note that we have adopted the notation that all vectors are four-vectors unless otherwise specified).
The single-particle Green's function G (k, co) is taken to have the form T( k "k2, k 3, k~) = T( kk , P'~, , E ) . (12) We refer the reader to Refs. 14 and 24 for discussions of this approximation.
The angle-averaged approximation is likely to work best for on-shell energy calculations. An important example is the BHF term in (9) when the self-energy is evaluated on-shell, Xr (k"s(k, ) (14) where the RPA expression for the dynamic susceptibility X(Q~~) is (2 ) (16) In these expressions, G(k,~) is the full single-particle Green's function given by (4). Consequently, singleparticle excitation energies are needed to evaluate (14) and (16). In our calculation we take these from our selfconsistent GFHF theory [cf. Eq. (5)].
The co& can be integrated from (14) with the result:
as co~p. For this reason"we have done the calculation in which the dependence of T on P is retained in the selfenergy calculation. More explicitly, the relative momentum and k2 in (9) and (10) can be expressed in terms of P, k, and the cosine of the angle between them, cosO~k . . Fig. 1 and accounting for the I h in (14). We settled this issued by performing a numerical calculation and comparing the results. The result of that study showed that the t matrix gave substantially inferior results for spectra e(k), compared to those obtained by using 1~I, .
We now discuss the over counting introduced by adding (14) to the GFHF self-energy. We refer to the terms in Fig. 1 properties.
Finally, it should be mentioned that a strength of the parquet method over the present work is that it avoids overcounting problems.
IV. THE PARTICLE-HOLE IRREDUCIBLE INTERACTION
In the preceding section, it was shown that the calculation of y( Q, co ) and Xz require I"h as input. A knowledge of I I, is also important because of the wellknown relation that exists between y(Q, co) and the experimentally measured dynamic structure function S(Q, co): S(Q, co) = -Imp(Q, co), 1 n~ ( 19) where n is the particle number density.
In 
V. RESULTS
We now present our results for the single-particle spectra e(k), ground-state energies, and the particle-hole irreducible interaction I"h(Q) in Het. Figure 2 shows our spectra as a function of k at a density n =0.0172 A (V=35. 1 cm /mol). The Fermi momentum at this density is kF =1.005 A. The totally self-consistent spectra c, and e~are solutions of (5). E2 has the V" term in the self-energy (9), while e& does not. E2 represents the full GFHF approximation, while c. , is essentially the BHF E(k). In both cases the center-of-mass momentum P is set equal to zero. c. 3 is obtained by keeping the V"contribution and also using the P dependence of the t matrix in the evaluation of (9) and (10). Once again, within the GFHF analysis, c. 3 is fully self-consistent. Finally, c4 is the solution of (2), i.e. , it has a ring contribution in the self-energy. It is no longer fully self-consistent, as will be discussed in Sec. VI.
Contrasting c, and c. 2, we find that including V" increases e(k) significantly for 0.4 A ' &k & 1.8A '. This increase is similar to that observed in liquid deuterium. ' An increase in the low-momentum values of E(k) leads to a reduction in the binding of the system as is apparent from the independent-particle approximation' ' ' ' for the ground-state energy: kF -= -EF+ f dk k ReX(k, e(k)) . (23) 2kFT he observed increase in E(k) is undesirable, since the ground-state energy calculated using E, (without V") was already in fair agreement with the variational Monte Carlo values of Lhuillier and Levesque.
In Fig. 3 the ground-state energies as a function of the molar volume are shown for various cases: E& is the ground-state energy when V" is not included. At V=35. 1 cm /mol it is the ground-state energy obtained by evaluating (23) using m*(k)=k "'"' dk (24) In Table I FIG. 2. Single-particle excitation energies: c&, c2, c."and c4 in He~a t 0.0172A ' (V=35. 1 cm'/mol). c, , and c, are the GFHF excitation energies obtained without and with V", respectively. c3 is simlar to c2 but is calculated with an improved evaluation of the center-of-mass momenta dependence of the t matrix in the self-energy calculation. c4 is the full GFHF plus the ring diagram term. We conclude that we have shown that it is possible for a first-principles calculation, based on Green's-function perturbation theory, to obtain a qualitatively reasonable value for the ground-state energy and effective mass. We also find a reasonable behavior for the particle-hole irreducible interaction in the limit of small momentum transfer. In spite of this success, we regard this work as a preliminary but necessary step for future calculations. One would like to achieve a completely self-consistent theory. At the present, this calculation is self-consistent only at the level of the GFHF theory. The close agreement of our I t, and the CBF I t, (Fig. 4) 
